We demonstrate experimentally refractive index sensing with localized Fano resonances in silicon oligomers, consisting of six disks surrounding a central one of slightly different diameter. Owing to the low absorption and narrow Fano-resonant spectral features appearing as a result of the interference of the modes of the outer and the central disks, we demonstrate refractive index sensitivity of more than 150 nm RIU −1 with a figure of merit of 3.8.
Introduction
Silicon nanoparticles have recently captured high interest because of their unique optical properties, including strong resonant scattering at visible and near-infrared (NIR) optical frequencies [1, 2] . To a large extent, such high-index dielectric nanoparticles have now become analogous to metal nanoparticles, which are renowned for their light scattering. Metal nanoparticles have seen applications in optical sensing devices for many years, whereby the supported localized surface plasmon resonances (LSPR) allow for enhanced interactions between the incident electromagnetic waves and the analytes on the metal surface [3] . This interaction causes the metal nanoparticle scattering spectrum to be sensitive to changes in the refractive index at the particle surface, which is the key mechanism for LSPR sensing [4] [5] [6] .
As light scattering by silicon nanoparticles is highly sensitive to the surrounding environment, they also represent a good platform for nanoscale sensors. In comparison with plasmonic nanoparticles, the dielectric counterparts offer a number of advantages, including lower absorption and heating [7] , easier functionalization [8] and apparent non-toxicity [9, 10] . In addition, both the electric and magnetic resonant modes of displacement currents can be excited in dielectric nanoparticles by the incident electromagnetic wave, thus enabling high scattering efficiency and mode engineering [1, 2] . All these advantages make silicon nanoparticles a promising alternative to metal nanoparticles in biological settings; however, their use in refractive index and biosensing applications remains not well explored and poorly understood. In particular, new techniques for high-resolution sensing with such dielectric nanoresonators need to be explored and developed.
An important strategy to improve sensing with dielectric nanoresonators is to use structures exhibiting Fano-type resonances [11] [12] [13] . Fano resonances are known to exhibit high quality factors, given by their asymmetric lineshape and narrow linewidth. Because the sensing potential of the nanostructures depends on both their sensitivity to the changes of the environment as well as the quality factor of the resonances, the narrow spectral lines of Fano resonances are highly beneficial. Naturally, sensing with photonic structures exhibiting Fano resonances has been a topic of intense interest, and it has been applied widely to plasmonic or hybrid dielectric-plasmonic nanostructures [12] . However, sensing with Fano-resonant all-dielectric resonator nanostructures remains relatively unexplored.
Recent works have made progress in this direction, showing high-quality factor resonances with Fano-type dielectric structures [13, 14] . In particular, Yang et al. [13] showed that, due to the high quality factors of the resonances, one can achieve a refractive index sensing figure of merit (FOM) of over 100 with a sensitivity of about 300 nm RIU −1 . This FOM is superior to the existing LSPR sensors and suggests the great potential of Fano-resonant dielectric nanoparticles for sensing applications. However, in the experiments of Yang et al. [13] , the Fano resonances exist due to the collective excitation of delocalized lattice modes, hence their quality factor is very sensitive to the array size. Indeed in [13] , arrays as large as 300 × 300 µm had to be used, which implies significant difficulties in the sensor fabrication. Furthermore, in a number of biosensing applications the biosensing is often combined with imaging, where achieving good spatial resolution of the sensing is required [15] . Therefore, new ideas and methods are needed to enable high-resolution sensing based on polarization-independent Fano resonances that are localized in the individual nanostructure and do not depend (or only weakly depend) on the array size. Enabling such localized sensing techniques will allow combined sensing and spatial imaging of analytes on the sample surface. Here, we investigate the refractive index sensing capability of low-loss silicon oligomers consisting of six silicon disks surrounding a central disk of slightly different diameter. The oligomers exhibit a localized Fano resonance in the NIR spectral region, which is a result of the interference between the modes of the outer disks and the central one, leading to a strong enhancement of the local fields in the oligomer structure. When covering these oligomers with oils of different refractive index, we obtain a sensitivity to the environment of 150 nm RIU diameter d 2 at the centre of the ring [16] . A schematic of our structure is shown in figure 1a .
The oligomer samples are fabricated using electron-beam lithography (EBL) on backside polished silicon-on-insulator wafers of 260 nm top crystalline silicon thickness and a 2 µm BOX silica layer. The EBL process is performed using the negative-tone electron-beam resist NEB-31A, followed by a directive reactive-ion etching process using the obtained electron-beam resist pattern as an etch mask. Finally, the residual resist left on the etched samples is removed using oxygen plasma and piranha solution. The scanning electron microscopy (SEM) images of a typical fabricated sample are shown in figure 1b.
The design of the oligomer in figure 1 is such that it exhibits photonic resonances in the NIR spectral region 1.1-1.7 µm where the silicon absorption is negligible. The calculated forward scattering spectrum of an oligomer with d 2 = 380 nm embedded in a dielectric environment of refractive index n = 1.46 is shown in figure 2a . The calculations are made by the finite-element method implemented in CST Microwave Studio, using the measured values for the dispersion of silicon. The silicon oligomer is placed on top of a 2 µm thick substrate with a refractive index of 1.45 and an infinitely thick (set by the boundary condition) handle wafer of index 3.52. We use an array of silicon oligomers with a lattice periodicity of 2840 nm, which is identical to the fabricated samples. The background material covering the oligomers on the top and sides is an optical oil, as seen in the inset in figure 2a. The structure is excited by a plane wave from the disk side and the scattered light is collected from the substrate side. The collection is equivalent to the experimental condition of detection through a microscope objective with NA = 0.26. To take into account the slight vertical tapering of the silicon disks, in the simulations the disk diameter has been reduced by 50 nm, consistent with our earlier studies [16] . The calculation reveals three distinct resonant features (maxima in the forward scattering spectrum) of the oligomer, namely at spectral positions of 1.12 µm, 1.28 µm and 1.41 µm, as marked with red stars in figure 2a. The small oscillations in the scattering spectrum are due to reflection from the silicon-glass interface, which interferes with the direct scattering. Out of these maxima, the resonances at 1.12 µm and 1.41 µm show narrow spectral features (of the order of 40 nm) and are due to the Fano interference between different modes in the structure.
To confirm the resonant origin of these three spectral features, we further calculate the absorption inside the oligomer (figure 2b). We note that, despite being very small, the absorption of silicon in the given spectral range is still non-zero. The small oscillations in the absorption spectrum are again due to the reflection from the silicon-glass interface, but are more pronounced in the absorption spectrum due to its very small value. By calculating the absorption spectrum, we can unambiguously identify the position of the local field enhancement inside the oligomer, corresponding to the actual position of the resonances. The absorption spectrum in figure 2b shows that indeed the absorption is enhanced at the positions of all three resonances. This is also seen in figure 2c-e, which shows the electric field profile at the spectral position of the resonances. The fields are extracted at a horizontal plane through the middle of the silicon oligomer. The electric field profiles clearly confirm that the local field is enhanced both inside and between the nanodisks. In particular, the field at 1.12 µm shows a collective mode between the outer and the central disk; the field at 1.28 µm displays a mode predominantly localized in the central disk; and the field at 1.41 µm shows a delocalized mode.
We have also performed more calculations on varying central disk diameter, d 2 , and array periodicity. From these calculations, we can conclude that the resonance at 1.12 µm is a result of the Fano interference between the central and the outer disks; therefore, this is a localized Fano resonance, called here 'Fano 1'. The spectral position of this resonance is affected by changing the central disk diameter but not by varying the array periodicity. The double hump structure of the electric field in the centre (figure 2d) is due to the magnetic nature of the mode being a doughnut shape in the vertical cross section. The central scattering peak at 1.28 µm is a mode of the central disk and is strongly affected by the changes of d 2 , but not by the periodicity. Finally, the longwavelength resonance at 1.41 µm is a result of the Fano interference of the oligomer structure and lattice modes. Its near-field electric field enhancement (as compared with the incident field of unity amplitude) is weakest; it is almost insensitive to changes in d 2 , but is strongly affected by changes to the periodicity. We refer to this Fano feature as 'Fano 2'. We note that both of these Fano resonances arise from modes of similar spectral width instead of a broad and a narrow resonance, or a bright and a dark mode, that are typically expected [17] .
To experimentally test refractive index sensing with our oligomers, we embed them in an index-matching oil with a refractive index of 1.46. The sample is then sandwiched on the top with a glass cover slide to allow transmittance measurements. We measure the linear-optical transmittance spectra of two arrays of silicon oligomers with a central nanodisk diameter of d 2 = 400 nm and d 2 = 380 nm. For our measurements we use unpolarized incident light and a custom-built white light spectroscopy set-up with an optical spectrum analyser. The sample is placed between two 20× Mitutoyo Plan Apo NIR infinity-corrected objectives, which focus the incident light onto the sample and collect the light transmitted. The transmittance through the sample is referenced to an etched but unstructured area of the sample. Afterwards, the existing refractive index oil is cleaned off by dipping the sample in acetone and isopropanol, followed by pressured air drying. The test is then repeated for several other optical oils with a refractive index in the range n = 1.48 − 1.64, in steps of n = 0.02.
Results and discussions
The transmittance spectra of the two samples, when embedded in a refractive index of n = 1.46, are shown in figure 3a ,b, respectively. The observed spectral features are similar for both samples and agree well with the numerical calculations presented in figure 2 . The two Fano resonances are marked by red stars on the spectra and their positions are defined by comparing the experimental results with the numerical results in figure 2 . Here we compare the experimental transmittance with the calculated forward scattering instead of the typical choice of S-parameters due to the complexity of the simulation. However, this comparison is still valid due to the Beer-Lambert law and the optical theorem.
As the positions of the Fano resonance in the numerical results are defined by the peak of the absorption, as highlighted in figure 2b , the position of Fano 1 is therefore at the mid-point between the peak and the trough in the forward scattering calculation (figure 2a) at around 1.1 µm, while the position of Fano 2 corresponds to the peak at around 1.45 µm in figure 2a. Using this knowledge, we identify the mid-point between the peak and the trough at around 1.1 µm as Fano 1 in the experimental results, and also the trough that red-shifts from around 1.4 µm as Fano 2. Notably, Fano 1 and the central resonance of the oligomer, however, are slightly blue shifted for the sample with a smaller central disk. Figure 3c ,d shows the sensitivity of the resonance with respect to the refractive index of the embedding environment. The spectral positions of the Fano resonances in our oligomers are defined as explained above, and indicated by the dashed lines in figure 3c,d . Importantly, linear relationships can be seen for the dependence of the resonance position with respect to the refractive index of the surrounding oil, which indicates the good applicability of our silicon oligomers as refractive index sensors. The central dip in transmission (at approx. 1.25 µm) is also slightly red-shifted with the increase in the refractive index of the embedding oil, though this shift is weak; therefore, this spectral feature is not suitable for refractive index sensing. However, for this transmission dip, we can note that its minimum transmittance is increasing with the increase of the embedding refractive index oil. This dependence of the transmittance versus the refractive index can in principle be used as an additional mechanism for sensing, though in an unconventional way.
The relationships between the spectral positions of both Fano resonances with respect to the refractive index of the optical oils used in the experiment are further analysed in figure 4 , for both oligomer arrays. The sensitivity of the spectral position of localized Fano 1 is determined to be 142 nm RIU −1 and 151 nm RIU −1 for the d 2 = 400 nm and d 2 = 380 nm samples, respectively.
Although not spatially localized, the sensitivities for the lattice-type Fano resonance 'Fano 2' are higher and measured to be 428 nm RIU −1 and 347 nm RIU −1 for the d 2 = 400 nm and d 2 = 380 nm samples, respectively. As seen, all dependencies can be accurately fitted by straight lines, again indicating good linearity of the sensing response. These values are summarized in table 1, where we also calculate the FOM for Fano 1 and 2, in order to quantify their quality for sensing. This measurement takes into account the full width half maximum (FWHM) of the Fano features: FOM = sensitivity/FWHM, as the sharp dips/peaks are desirable for high sensing quality [3] . From the data in figure 3a ,b, we estimate the FWHM as being approximately 40 nm for the Fano 1 resonance and ∼35 nm for the Fano 2 resonance. We note that these numbers are approximate as the resonance width changes slightly with the refractive index of the embedding oils; however, they give a good indication of the quality of our oligomer sensors. Overall, we can say that our dielectric oligomers perform well in terms of sensitivity to the refractive index of the surrounding environment. However, the sensitivity of the localized Fano resonances is lower than for the case of lattice-type Fano resonances [13] , thereby leading to lower FOM. Nevertheless, the obtained FOM is comparable to or higher than most LSPR sensors. We note that higher quality factors of localized Fano resonances can be obtained in dielectric resonators with broken cylindrical symmetry [14, 18] ; however, these structures are strongly polarization sensitive. Furthermore, the electric field of their Fano mode is strongly confined inside the dielectric and is therefore less susceptible to the changes in the surrounding environment.
Finally, we perform numerical calculations of the sensitivity of the silicon oligomers to the refractive index of the surrounding environment. The calculations are performed for comparison with the oligomer with d 2 = 380 nm over several different refractive index oils, an extension to the results in figure 2. The numerical results are shown in figure 5a and qualitatively match our experimental observations. In the simulations, we can see several additional (but weaker) spectral features, which are likely to be due to the higher-order diffraction features from the array, as well as the small, but not negligible, Fabry-Pérot etalon effect in the 2 µm silica BOX layer, which is sandwiched between the bottom silicon handle wafer and the top index oil. Note that these features are not clearly pronounced in the experiment due to sample imperfections. 
Conclusion
We have demonstrated the applicability of silicon oligomers as localized, polarization-insensitive refractive index sensors. In particular, we have demonstrated experimentally the refractive index sensing based on a spectral shift of the transmission spectrum of the silicon oligomers in the regime of Fano-type resonances. Refractive index sensitivities of up to 150 nm RIU −1 and 428 nm RIU −1 (FOM value of 3.8 and 12.
2) have been experimentally demonstrated for the case of localized and lattice-type Fano resonances, respectively. These results are comparable to or better than the refractive index sensing with metal nanoparticles. Such a performance can be attributed to the low loss of the dielectric material, which leads to higher quality resonances, as well as the strong field enhancement between nanoparticles induced by inter-structure coupling, making our sensors more sensitive to the refractive index of the surrounding environment. As such, the presented oligomer sensing scheme offers new opportunities for sensing, which together with low heat dissipation, easy chemical functionalization, polarization insensitivity and localized resonant response can make these structures attractive for the future generation of sensors. Further studies, however, are required to test the sensitivity of the oligomer's optical response to functional surface coating, as is typical for biosensing experiments.
